Objective: To identify a new genetic cause of distal hereditary motor neuropathy (dHMN), which is also known as a variant of Charcot-Marie-Tooth disease (CMT), in a Chinese family.
Distal hereditary motor neuropathy (dHMN) is also known as distal spinal muscular atrophy or a variant of Charcot-Marie-Tooth disease (CMT). dHMN is genetically and clinically heterogeneous. It has been classified into 7 subtypes according to age at onset, mode of inheritance, and the presence of additional features. 1 To date, at least 11 genes have been shown to be involved in dHMN: heat shock 27 kDa protein 1 (HSPB1), heat shock 22 kDa protein 8 (HSPB8), heat shock 27 kDa protein 3 (HSPB3), dynactin 1 (DCTN1), glycyl-tRNA synthetase (GARS), pleckstrin homology domain containing, family G (with RhoGef domain) member 5 (PLEKHG5), Berardinelli-Seip congenital lipodystrophy 2 (BCSL2), senataxin (SETX), immunoglobulin mu binding protein 2 (IGHMBP2), ATPase and Cu 2ϩ transporting, alpha polypeptide (ATP7A), and transient receptor potential cation channel, subfamily V, member 4 (TRPV4). 2 Interestingly, 5 of these genes (HSPB8, HSPB1, GARS, TRPV4, and BCSL2) have been described in CMT [2] [3] [4] [5] [6] ; in some patients, dHMN and CMT phenotypes have been found to coexist. 7 Four aminoacyl-tRNA synthetases (AARSs) have been implicated in CMT/dHMN:) glycyl (GARS; MIM 601472) in CMT2D and dHMN5A; 2) tyrosyl (YARS; MIM 608323) in dominant intermediate CMT type C; 3) alanyl (AARS; MIM 613287) in CMT2N; and 4) lysyl (KARS; MIM 601421) in CMT-recessive intermediate B and hereditary neuropathy with liability to pressure palsies. 5,8 -10 Although mutations in AARS cause axonal CMT, no published reports linking AARS mutations to the dHMN phenotype exist.
We report clinical and electrophysiologic findings in 3 patients with dHMN from a Chinese family carrying a novel missense mutation (D893N) in AARS.
METHODS
We studied 3 generations of a Chinese family that included 4 affected and 8 unaffected members ascertained by neurologic examination (figure 1).
Patients. Patient 1. Patient 1 (III-1), now a 16-year-old boy, was referred to our neuromuscular disease department at the age of 11 years. He reported frequent falling and difficulty in rising from the squatting position since the age of 2 years; however, his condition had not deteriorated. Neurologic examination was initially performed at the first referral. His gait was almost normal, with no ataxia, but standing on his heels was difficult, and his heels could not touch the ground when squatting. Mild atrophy and weakness in the distal muscles of the lower limbs were observed, with a muscle strength score of 4 of 5 (Medical Research Council [MRC] scale) for the extensor digitorum brevis muscles, whereas the muscle strength scores of the iliopsoas, quadriceps femoris, biceps femoris, anterior tibial, and gastrocnemius muscles were 5 of 5 (MRC scale). However, the muscle strength of the quadriceps femoris and gastrocnemius muscles was relatively weaker than that of the iliopsoas or anterior tibial muscles. Pes cavus and toe clawing were noted ( figure 2A ). Sensory examination, including pain sensation, light touch sensation, position sensation, and vibration sensation of the 4 limbs was unremarkable. Deep tendon reflexes were decreased in the knees and absent in the ankles. Examination of the upper limbs was normal. There was no evidence of tremor or pyramidal tract signs. Mutation screening. Genomic DNA of 8 family members (I-1, I-2, II-1, II-2, II-3, II-5, III-1, and III-2) was extracted from the peripheral blood obtained using standard methods. The purpose-built GeneChip CustomSeq Resequencing Array (Affymetrix, Inc., Santa Clara, CA) was designed to screen for CMT and related diseases such as ataxia with oculomotor apraxia types 1 and 2, spinocerebellar ataxia with axonal neuropathy, and dHMN. We designed 363 primer sets to cover the entire coding regions and flanking sequences of the following 28 pathogenic genes: early growth response 2 (EGR2), peripheral myelin protein 22 (PMP22), myelin protein zero (MPZ), gap junction protein beta 1 (GJB1), periaxin (PRX), lipopolysaccharide-induced TNF␣ factor (LITAF), neurofilament light chain polypeptide (NEFL), ganglioside-induced differentiation-associated protein 1 (GDAP1), myotubularinrelated protein 2 (MTMR2), SH3 domain and tetratricopeptide repeats 2 (SH3TC2), SET-binding factor 2 (SBF2), N-myc downstream regulated 1 (NDRG1), mitofusin 2 (MFN2), Rasrelated GTPase 7 (RAB7), GARS, HSPB1, HSPB8, lamin A/C (LMNA), dynamin 2 (DNM2), YARS, AARS, KARS, aprataxin (APTX), senataxin (SETX), tyrosyl-DNA phosphodiesterase 1 (TDP1), desert hedgehog (DHH), gigaxonin 1 (GAN1), and K-Cl cotransporter 3 (KCC3) and 9 other candidate genes. The 363 PCR amplicons were amplified in 32 multiplex PCR reactions using the Qiagen Multiplex PCR system (Qiagen, Venlo, The Netherlands). Each reaction required 120 ng of genomic DNA, 10 pmol of primer sets, dNTP, and Qiagen Multiplex PCR Master Mix (Qiagen). The following conditions were used for multiplex PCR: 15 minutes at 95°C; 42 cycles of amplification (94°C for 30 s, 60°C for 3 minutes, and 72°C for 90 s); and 15 minutes at 68°C. Pooling, DNA fragmentation, labeling, and chip hybridization were performed according to the CustomSeq Resequencing protocol (Affymetrix, Inc.). Chips were washed using a Fluidics Station 450 (Affymetrix, Inc.) using CustomSeq Resequencing wash protocols. Analysis of microarray data was performed using GeneChip Sequence Analysis Software, version 4.0 (Affymetrix, Inc.). 11 To confirm the mutation revealed by our DNA chip, the proband and 7 members of the family underwent genetic analy- sis by direct sequencing. In brief, 50 ng of genomic DNA from the patients was amplified using the hot-start PCR method. Using a presequencing kit (USB Corp., Cleveland, OH), PCR products were purified and sequenced by dye terminator chemistry using an ABI Prism 377 DNA Sequencer (Applied Biosystems, Foster City, CA). The resulting sequences were then aligned, and mutations were evaluated using Sequencher version 4.8 sequence alignment software (Gene Codes, Ann Arbor, MI).
RESULTS Electrophysiologic study.
Needle EMG revealed a neurogenic pattern, with a high frequency of large motor unit potentials recorded from the lower limbs of all 3 patients tested. Patient 1 showed normal sensory nerve conduction velocities (SCVs) and sensory nerve action potential of the median, ulnar, and sural nerves. Furthermore, he showed normal motor nerve conduction velocities and amplitudes of the compound muscle action potentials of the median, ulnar, and peroneal nerves. Patient 2 showed normal SCV, with a slight increase in distal latency in the median nerve and a mild decrease in SCV, suggestive of bilateral carpal tunnel syndrome. Patient 3 showed results similar to those of patient 1 (table) . These findings indicate a chronic neurogenic pattern, suggesting that this family had inherited motor neuropathy.
MRI study. An axial T1-weighted MRI showed accentuated fatty infiltration of the gastrocnemius and vastus lateralis muscles ( figure 2, C and D) .
Resequencing analysis and control study. We identified one missense mutation, c.2677GϾA (designated p.D893N), in exon 19 of AARS. All 4 family members considered to be clinically affected proved to have the heterozygous AARS p.D893N mutation, whereas none of the 4 unaffected relatives harbored this mutation ( figure 2G ). In addition, the mutation was not found in 220 East Asian (120 Chinese and 100 Japanese) control chromosomes or the chromosomes of patients with 850 inherited neuropathy nor did we find the D893N mutation in the 1000 Genomes Web site, which catalogs human genetic variations using 1,197 samples including 300 East Asian (200 Chinese) samples (http://browser.1000genomes.org). DISCUSSION We report that an AARS mutation caused dHMN. A detailed investigation of the history of a family revealed 9 members over 3 generations, 4 of whom were affected individuals, consistent with a pattern of autosomal dominant transmission ( figure 1) . Clinical examination revealed benign wasting and weakness of the lower limbs. The diagnosis of dHMN was based on the history of autosomal dominant inheritance and electrophysiologic studies. Abbreviations: A ϭ ankle; APB ϭ abductor pollicis brevis; CMAP ϭ compound muscle action potential; DL ϭ distal latency; E ϭ elbow; EDB ϭ extensor digitorum brevis; FI ϭ first interossei; G ϭ gastrocnemius; IIIF ϭ third finger; K ϭ knee; MCV ϭ motor conduction velocity; PF ϭ popliteal fossa; SCV ϭ sensory conduction velocity; SNAP ϭ sensory nerve action potential; VF ϭ fifth finger; W ϭ wrist. a Abnormal value.
AARSs are a ubiquitously expressed, essential family of enzymes responsible for attaching amino acids to their cognate tRNAs in all cells and tissues. Mutations in 4 genes, GARS, YARS, AARS, and KARS, that encode AARSs have been implicated in CMT/dHMN. 5,8 -10 Mutations in GARS, YARS, and AARS cause autosomal dominant CMT/dHMN. Two KARS mutations were detected in the compound heterozygous state in a patient with autosomal recessive CMT, developmental delay, self-abusive behavior, dysmorphic features, and vestibular schwannoma. 10 To elucidate the reason that mutations in ubiquitously expressed AARSs result in peripheral neuropathy, the effects of GARS, YARS, AARS, and KARS mutations in CMT/dHMN were investigated. A common pathologic mechanism for genetic disorders is a loss of gene function through altered mRNA or protein levels, although this is unusual for neurodegenerative diseases inherited in an autosomal dominant manner. Studies on G240R GARS heterozygous mutated lymphoblastoid cells did not reveal severely altered transcription, translation, or protein stability. 12 Pathogenic mechanisms such as defective aminoacylation, abnormal distribution in axons, or a combination of both are postulated to underlie CMT/dHMN, based on functional and protein localization studies of heterozygous GARS and AARS mutants. 9, 12 Functional analyses of compound heterozygous mutations in KARS revealed severely affected enzyme activity. 10 AARS catalyzes the attachment of alanine to its cognate tRNAs during protein synthesis. Investigation of the structure of AARS by X-ray crystallography revealed that it contains, from the N to the C terminus, an aminoacylation domain, a middle helical domain, an editing domain, and a so-called C-Ala domain. 13 The reported variant (R329H) is located in the middle helical domain, which together with the aminoacylation domain, is responsible for the complete and specific aminoacylation of AARS. The D893N variation is located in the C-Ala domain, which facilitates efficient editing by bringing together the aminoacylation and editing domains. A sequence homology search was performed to align protein sequences from multiple species, using a constraint-based multiple alignment tool (COBALT) (http://www.ncbi.nlm.nih.gov/tools/cobalt/). Aspartic acid 893 was conserved among all species analyzed ( figure 2H) . Thus, the D893N mutation identified in the Chinese dominant dHMN family is located in a remarkably well-conserved sequence of amino acids, suggesting that it may have a potential functional impact on AARS. Furthermore, we were able to computationally predict the effect of the D893N mutation on protein function using the MuPro (http://www.ics.uci.edu/ϳbaldig/mutation.html) and PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) algorithms, which gave scores of Ϫ0.334 and 0.802, respectively. MUPro scores of less than 0 indicate a decrease in protein stability, and PolyPhen-2 scores of approximately 1 indicate a prediction of pathogenicity. The D893N mutation is probably a pathogenic mutation, based on the degree of conservation of the affected residues.
Five genes (HSPB8, HSPB1, GARS, TRPV4, and BCSL2) have been described in both dHMN and CMT. [2] [3] [4] [5] [6] [7] We add AARS on the basis of the present report. GARS and AARS are involved in common processes during protein synthesis, and the mutations reported to date were all missense mutations. Pathogenic missense mutations for autosomal dominant disease usually have a gain-of-function or dominant-negative effect. These pathogenic mutations of tRNA synthetases may directly disrupt protein synthesis.
Our data confirm that a mutation in the AARS gene (designated p.D893N) is associated with dominant dHMN in a Chinese family. This observation adds to a growing body of evidence that implicates specific genes/proteins in peripheral nerve function and delineates the pathologic consequences of their dysfunction. 
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